Introduction
Phytoplankton productivity and community structure play an important role in the global carbon cycle, regulating climate by controlling CO 2 level in the atmosphere (Chisholm, 2000; Rost and Riebesell, 2004; Schneider et al., 2008) . As the basis of food web in the oceans, changes in phytoplankton productivity and community structure could also influence the marine ecosystem (Cloern and Dufford, 2005) . Phytoplankton productivity is significantly related to sea surface nutrient concentration (cf. Chen, 2000) . Since the industrial revolution, anthropogenic activities have led to increasing nutrient input, thus resulting in widespread coastal and marginal sea phytoplankton blooms, such as those during the 1980s and 1990s in the Aegean Sea and Black Sea (Moncheva et al., 2001) (Zhou et al., 2008) and the world's largest green tides in the summer of 2008 in the Yellow Sea (Liu et al., 2010a) . Especially some toxic dinoflagellates are becoming dominant in the coastal habits of many countries, causing hypoxia in water column, significant fish kill and harming human health (Kirkpatrick et al., 2004; Walsh et al., 2006) . However, recent studies reported that increased diatom productivity was a result of the increased natural forcing of upwelling in Zhejiang coastal area (Duan et al., 2014) . Similarly, Florida red tides were also a natural phenomenon caused by dense aggregations of unicellular organisms (Kirkpatrick et al., 2004) . In order to understand mechanisms controlling phytoplankton blooms, it is essential to determine the spatial and temporal changes in phytoplankton productivity and community structure and their natural variability in the past.
Phytoplankton species such as diatoms and dinoflagellate/dinocysts in water column and surface sediments have been used to indicate the abundance of phytoplankton (cf. Chiang et al., 2004; Cho and Matsuoka, 2001 ). However, the use of diatom and dinoflagellate cyst for paleo-environment reconstruction was limited due to their poor preservation in marine sediments, e.g., dissolution of siliceous and carbonate frustule (Mudie et al., 2001) . Biomarkers, fossil molecules, could be relatively well preserved in marine sediments and have been used to reconstruct long-term natural climate and ecological changes (Schubert et al., 1998; Werne et al., 2000; Zhao et al., 2006) . Previous studies pointed out that lipid biomarkers in surface suspended particles can reflect relative phytoplankton biomass, as revealed by similar distribution patterns between lipid biomarkers and Chl a and/or phytoplankton cell counting (Sicre et al., 1994; Dong et al., 2012; Wu et al., 2016a) . A recent study in the ECS also validated the applicability of brassicasterol, dinosterol, and C 37 alkenones as proxies of productivity and community structure of the three phytoplankton taxa: diatoms, dinoflagellates, and coccolithophores (Wu et al., 2016a) . Therefore, community structures with relative contributions of diatoms, dinoflagellates and coccolithophores to phytoplankton productivity can be represented by brassicasterol/Sum (B/Sum, Sum = ∑brassicasterol +dinosterol+alkenones), dinosterol/Sum (D/Sum) and alkenones/ Sum (A/Sum), respectively (Schubert et al., 1998; Xing et al., 2016) . Brassicasterol/dinosterol ratio (B/D) is used to indicate the relative contribution of diatoms compared to dinoflagellates (Duan et al., 2014; Xing et al., 2016) . In the ECS, water mass properties (temperature, salinity, and inorganic nutrient) were important factors controlling phytoplankton biomass and community structure spatial variations (Wang and Cheng, 1988; Bi et al., 2018) .
Today, primary productivity in the ECS is high with an average of 390-529 (mg C m 2 )/d (Ning et al., 1995; Gong et al., 2003) , which has become an ideal area for environment and ecosystem change studies recently. When the Yellow Sea Warm Current (YSWC) intrudes on the ECS shelf as a branch of the Kuroshio Current (KC), the upwelling of the KC subsurface waters brings nutrients (especially phosphate and silicate) to the euphotic zone for phytoplankton growth (Chen, 2000; Zhang et al., 2007) . Thus, primary productivity of upwelling zones on the ECS continental slope is even higher than that of the terrestrialnutrient-prevailing coastal areas (Chen, 2000) . In addition, East Asia Winter Monsoon (EAWM) was reported as an essential driver of ecosystem changes in the ECS by driving the circulation system. In winter, the northerly EAWM drives the Yellow Sea Coastal Current (YSCC) and causes the pressure gradient along the Yellow Sea Trough, which forces the deeper northwestward intrusion of the YSWC as a compensating current of the YSCC (Yang, 2007; Xu et al., 2009; Yuan and Hsueh, 2010) . Thus the intensified circulation system of the YSWC and the YSCC can induce the upwelling of nutrients to surface layer and references therein), although the enhanced EAWM somehow might weaken the strength of the KC (Jian et al., 2000) . Biomarker records reveal that the ecosystem change has been driven by both natural (Pacific Decadal Oscillation) and anthropogenic forcing (terrestrial nutrient) over the last 100 years in the coastal areas of the ECS (Xing et al., 2016) . However, lack of long-term and spatially-resolved records of phytoplankton productivity and community structure in the region hinders the understanding of ecosystem variation and its forcing mechanisms. Z. Wang, et al. Global and Planetary Change 179 (2019) 80-91 In this study, three sediment cores from the mud area on the ECS shelf with high sedimentation rate ( Fig. 2) and relatively high organic carbon contents (average 0.7%) in surface sediments (Zhu et al., 2011) , were used to reconstruct variations of phytoplankton productivity and community structure by multiple biomarker analyses. We compared the spatiotemporal variations of biomarker contents and their ratios to reveal the mechanisms controlling the phytoplankton productivity and community structure changes in the ECS during the Holocene, with the main focus on the air-sea interactive forcing.
Regional setting
The ECS, one of the largest shelf seas in the world, is located between the West Pacific and the East Asia Continent (Fig. 1 ). This region is influenced by both high-latitude climate forcing through the East Asian Monsoon and tropic-subtropical ocean circulation through the KC (Chen, 2009; Lie and Cho, 2016; Li et al., 2017) . The East Asian Monsoon results from the different potential heating between the West Pacific Warm Pool and the Asian continent, which is fundamental to climate dynamics over seasonal to millennial timescales (Webster et al., 1998; . The Kuroshio is a western boundary current, serving as the return flow for the wind-driven circulation of the North Pacific Subtropical Gyre. It transports large amounts of water, heat and materials, and has a significant influence on the climate and marine ecosystems in the vicinity of its path, including the ECS (Andres et al., 2008) . The Kuroshio subsurface waters with enriched nutrients, at the depth of 70-220 m, upwell onto the slope and intrude on the ECS from the outer shelf to the inner area (Che and Zhang, 2018) , contributing a large amount of nutrients to the ECS including our study sties. This contribution is many times more than the inputs from the Yangtze River and the Yellow River (Chen, 1996; Zhang et al., 2007) . The YSWC is one of the most important dynamical phenomena in the ECS, and it flows northward along the Yellow Sea Trough. However, the formation process and forcing mechanisms of the YSWC are still controversial. Uda (1934) first described the YSWC as a branch of the Tsushima Warm Current originating from the KC, but later studies suggested that the YSWC was primarily forced by the pressure gradient induced by the northerly monsoonal winds (Yang, 2007; Yuan and Hsueh, 2010) . Xu et al. (2009) used a 3-D Princeton Ocean Model to examine both the KC and monsoonal forcing on the variability of the YSWC and found the KC was responsible for most of the annual mean YSWC variations, while the local wind stress played an important but secondary role. Furthermore, one upwelling center in the outer shelf of ECS associated with the cold eddy/front system was established around 6 ka (Xiang et al., 2008; Xing et al., 2012; Yuan et al., 2018) , caused by the anti-clock cyclone current due to the interaction between the YSWC and the YSCC (Hu et al., 1980; Shen et al., 1993) . Based on previous studies, the multiyear existence of the cold eddy/front system has been identified with thermal structure and current measurements (Mao et al., 1986 ) and its center is located around 31°30′ N, 125°30′ E with an influencing diameter of 100-200 km. The center could migrate due to the interaction between the YSWC and the YSCC (Fig. S3) (Shen et al., 1993; Wang et al., 2010) .
Materials and methods

Sediment cores and age model
The three cores for this study were recovered from the ECS (Fig. 1) , using a gravity sampler on R/V Dongfanghong 2 in 2011, F11A (31°53′ N, 126°21′ E, water depth: 93 m, core length: 206 cm), F10C (31°45′ N, 126°07′ E, water depth: 65 m, core length: 205 cm) and B3-1A (31°37′ N, 125°45′ E, water depth: 79 m, core length: 289 cm). All sediment samples were taken at 1 cm intervals and preserved frozen at −20°C.
Benthic foraminifers from 7 depths of core B3-1A and from 5 depths of core F11A were picked for AMS 14 C dating at Peking University . For core F10C, three 14 C data points were acquired at AMS facility (NIES-TERRA), National Institute for Environmental Studies, Tsukuba, Japan (Uchida et al., 2004 (Uchida et al., , 2008 . All the measured AMS 14 C ages were calibrated to calendar ages using the CALIB 7.1.1 program and were corrected for a regional marine reservoir age (△R = −93 ± 69 yr.; Table 1 ).
Biomarker analysis
About 5 g freeze-dried sediment samples were ultrasonically extracted four times with 10 ml organic solvent (dichloromethane/MeOH 3:1, v/v) every time, after adding an internal standard (IS) mixture containing C 19 n-alcohol and C 24 deuterium-substituted n-alkane. The extract was concentrated by gentle N 2 stream, hydrolyzed with 6% KOH-MeOH solution, and then extracted four times with 4 ml hexane on a vortex mixer. These extracts were further separated on silica gel chromatography being eluted by organic solvent. The hydrocarbon fraction (containing n-alkane) was firstly eluted with 8 ml hexane and the other fraction (containing alkenones and sterols) eluted with 12 ml dichloromethane/methanol (95:5, v/v). The fraction of alkenones and sterols was then dried under a gentle N 2 stream and derivatized using 0.04 ml N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) at 70°C for 1 h before instrumental analysis. The identification of alkenones, brassicasterol and dinosterol was performed on a Thermo gas chromatograph-mass spectrometer (GCMS), by comparing their mass spectrum with those of their authentic standards, respectively, but the quantification of the biomarkers was performed on an Agilent 6890 N GC with an FID detector, using an HP-1 capillary column (50 m × 0.32 mm × 0.17 μm) with hydrogen as a carrier gas at a flow rate of 1.3 ml/min. Oven temperature was kept initially at 80°C for 1 min and then programmed to 200°C at 25°C/min, followed by 4°C/ min to 250°C, 1.7°C/min to 300°C (keeping for 10 min), and finally 5°C/min to 310°C (keeping for 8 min). The content of each biomarker was calculated from ration of its GC peak integration to that of the IS. The biomarker concentrations are reported as ng/g of bulk dry weight sediment.
Brassicasterol (B), dinosterol (D) and alkenone (A) are the cell membrane components of phytoplankton with diatom, dinoflagellate and coccolithophore being the main producers, respectively (Volkman, 1986) , and to some extent their contents in marine sediments can reflect the corresponding phytoplankton biomass in the euphotic layer (Schubert et al., 1998; Werne et al., 2000; Zhao et al., 2006) . U 37 K' values in core F10C were calculated based on the relative abundance of C 37 alkenones (Eq. (1)) (Prahl and Wakeham, 1987) and were converted into sea surface temperature (SST) using the global calibration (Eq. (2)) (Müller et al., 1998) . C data of cores B3-1A, F10C and F11A. All the measured AMS 14 C ages were calibrated to calendar ages using the CALIB 7.1.1 program and were corrected for a regional marine reservoir age (△R = −93 ± 69 yr.). Z. Wang, et al. Global and Planetary Change 179 (2019) 80-91
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(1)
where C 37:2 and C 37:3 indicated the C 37 alkenones with 2 and 3 double bonds, respectively. U 37 K' values of cores B3-1A and F11A were obtained from Yuan et al. (2018) and reconstructed SST data were recalculated by global equation (Müller et al., 1998) .
Results
Chronology
The 14 C-dated core depths for B3-1A covered a time span of the last 9 ka. Linear interpolation between radiocarbon dates yielded sedimentation rates between 10 and 149.1 cm/kyr ( Fig. 2A) . The dated core interval for F11A spanned the Mid-and Late Holocene (4.6 ka) with sedimentation rates between 29.8 and 100.5 cm/kyr (Fig. 2C ). For core F10C, the 14 C-dated covered a time span of the last 12.6 ka ( Fig. 2B ).
Linear interpolation between radiocarbon dates yielded sedimentation rates between 7.4 and 11.5 cm/kyr. The 2σ error bars for 14 C calendar ages are typically smaller than 300 years.
Biomarker contents
Brassicasterol contents in the three sediment cores had similar temporal trends, with a range of 25-390 ng/g in B3-1A, 8-237 ng/g in F10C and 103-627 ng/g in F11A. The contents in B3-1A and F10C were generally low during the Early Holocene and then increased in all the three sediment cores since 4.6 ka, with sharp increase from 1 ka to the top (Fig. 3) .
The temporal trend of dinosterol was similar with that of brassicasterol in all three cores. Dinosterol contents were in a range of 36-818, 11-446 and 117-855 ng/g in B3-1A, F10C and F11A, respectively (Fig. 3) .
Contents of alkenones here represent the sum of C 37:2 alkenone and C 37:3 alkenone. The temporal trends of alkenone contents were similar in B3-1A (10-203 ng/g) and F10C (0-151 ng/g), showing low values in B3-1A and zero values in F10C during the Early Holocene and increasing since about 4.6 ka (Fig. 3) . The alkenone contents in F11A fluctuated strongly in the whole record (19-414 ng/g) and were generally higher than those in B3-1A and F10C (Fig. 3) .
The total biomarker contents showed an increasing trend in all three cores, in a range of 75-1398, 26-823 and 294-1563 ng/g in B3-1A, F10C and F11A, respectively (Fig. 3) .
Biomarker ratios
B/Sum values in B3-1A (0.25-0.45) and F10C (0.28-0.47) generally increased during the Early Holocene and were relatively stable during 7-1 ka, and decreased during the last 1 ka (Fig. 4A , B, D and E). However, B/Sum strongly fluctuated in F11A, in the range of 0.26-0.46 ( Fig. 4C and F) .
D/Sum values were relatively stable in B3-1A (0.36-0.61) of the whole record, while decreased during the Early Holocene and increased since about 6 ka in F10C (0.40-0.68) (Fig. 4A , B, D and E). This ratio showed strong fluctuation in F11A, in the range of 0.27-0.56 ( Fig. 4C  and F) .
A/Sum showed low values in B3-1A and F10C of the whole record, with the range of 0.07-0.35 and 0-0.23, respectively (Fig. 4A , B, D and E). However, A/Sum values were obvious higher in F11A (average 0.30 ± 0.11) than B3-1A (average 0.17 ± 0.05) and F10C (average 0.10 ± 0.07) ( Fig. 4C and F ; Table S1 ).
B/D values in B3-1A (0.39-1.05) and F10C (0.48-1.01) increased during the Early Holocene, were high during 7-1 ka and decreased since 1 ka (Fig. 4A, B, D and E) . B/D values in F11A (0.57-1.39) were generally stable from 4.6 to 1 ka and decreased since 1 ka (Fig. 4C ).
Discussion
Factors influencing sedimentary lipid biomarker contents
When using the lipid biomarkers for reconstruction of phytoplankton productivity and community structure, information of the source of phytoplankton biomarker is needed. According to Volkman et al. (1998) , brassicasterol is not specifically derived from diatoms and is also abundant in some coccolithophores. In the ECS, diatoms and dinoflagellates are the dominant phytoplankton (Guo et al., 2014; Xiao et al., 2017) , suggesting that the contribution of brassicasterol from coccolithophores could be minor. In addition, brassicasterol was found in a few species of dinoflagellates (Volkman, 2016) , while a minor constituent of dinosterol was identified in a laboratory culture of a marine diatom Navicula sp. (Volkman et al., 1993) . Surface water particulate sample studies suggest that, in diatom-dominated ecosystem such as upwelling regions and shelf seas, brassicasterol and dinosterol Fig. 2 . Age-depth plots for cores B3-1A, F10C and F11A. Sedimentation rates were calculated using the calibrated ages of the dated horizons.
Z. Wang, et al. Global and Planetary Change 179 (2019) 80-91 were likely mainly produced by diatoms and dinoflagellates respectively (Wu et al., 2016a) . Thus, sedimentary biomarkers brassicasterol, dinosterol and alkenones in the ECS mainly originate from diatom, dinoflagellate and coccolithophore, respectively. Beyond their production, the use of sedimentary lipids to reconstruct paleo-ecosystem must consider lipid diagenesis and lateral transportation that can influence lipid accumulation in sediments. First, diagenesis could cause rapid degradation of the organic compounds in the uppermost few centimeters of sediment cores (Canuel and Martens, 1996) . Thus, the resultant rapid decrease of biomarker concentrations from the coretop to a few centimeters downcore was observed in all three cores in this study (Fig. 3) . However, in the biomarker records of the long sediment cores from the ECS (Yuan et al., 2013; Wu et al., 2018) , distinct high amplitude downcore variabilities were determined in the biomarker concentrations. Similarly, much higher amplitude of alkenones in core F11A than those in the other cores was observed in the current study, as alkenones in this site was more influenced by the variations of the YSWC. Our results indicate that changes in climate and marine environment were more likely to control the variability of biomarker contents rather than diagenetic processes in these sites. Furthermore, proxies based on biomarker ratios such as B/Sum, D/Sum, A/Sum and B/D are less affected by the diagenesis process in the ECS (Xing et al., 2016) , although the degradation rates of these biomarkers are different (Versteegh and Zonneveld, 2002; Wakeham et al., 2002) . Lateral advection by currents may alter sedimentary lipid biomarker contents at the sea floor (see Zonneveld et al., 2010 and references therein) . In this study, both individual and total biomarker contents in the middle core F10C were lower than those in the western and eastern cores during all time intervals (Figs. 3 and S1 ), as the deposition of the sedimentary biomarkers in the three cores were influenced by the submarine topography (illustrated in Fig. 6 ). The biomarkers produced in sea surface sink to sea floor at core site of F10C, and then might be laterally transported to neighboring locations of core B3-1A and core F11A because the water depth of core F10C was lower than the two neighboring cores (Fig. 6) , resulting in obviously lower accumulation at F10C than those at B3-1A and F11A (Fig. 2) .
Phytoplankton productivity and community structure during the Holocene
Several factors, such as nutrient, temperature and salinity, control the phytoplankton productivity and community structure in marine environment. Previous studies indicated that diatoms benefited from high nutrient and dominated where chlorophyll a was high (Matsumoto et al., 2004; Takeda et al., 2007) . For example, high abundance of diatoms was observed in the regions with high primary productivity in the ECS (Furuya et al., 2003) . Dinoflagellate growth is also sensitive to phosphate concentrations and could also dominate under eutrophic conditions (Winder and Sommer, 2012; Ding et al., 2019) , whereas coccolithophores could thrive under high-salinity, lower nutrient and warm water environments (Werne et al., 2000; Falkowski and Oliver, 2007) . As the major coccolithophorid species in open ocean and marginal seas, E. huxleyi has not been reported in seawater with salinities below 11 psu (van der Meer et al., 2008) , and coccolithophorid fossils were rarely found in sediments beneath lower salinity waters from the coast to the 50 m bathymetric line of the ECS, but they were common in deeper and higher salinity water sediments (Wang and Cheng, 1988) . Nevertheless, phytoplankton productivity is mainly controlled by the nutrient concentrations in the surface water from the temperate region (Chen, 2000; Xiao et al., 2017) , but coccolithophore growth is additionally influenced by salinity changes (Saruwatari et al., 2016) .
In this study, the time span of the three cores is different. The records of B3-1A and F10C covered the past 9 kyr while those for F11A covered only 4.6 kyr. A collective assessment of the three-core records would reveal that phytoplankton productivity was low during 9-7 ka, increased during 7-1 ka and reached high phases during 1-0 ka, respectively. The phytoplankton productivity changes during the interval 7-1 ka were likely caused by two different mechanisms before and after 4.6 ka (Fig. 6) . Within the chronological uncertainties of cores, the 4.6 ka boundary may be related to the onset of Meghalaya (4.2-0 ka) as a new time period of Holocene (Walker et al., 2012) . In the following sections, we described the temporal variability and spatial differences of the phytoplankton productivity and community structure in the ECS during the Holocene, and further discussed the possible climatic and Fig. 3 . Variations of the biomarkers contents of B3-1A, F10C and F11A, respectively. B refers to brassicasterol, D refers to dinosterol and A refers to alkenones. Sum means the total contents of brassicasterol, dinosterol and alkenones.
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5.2.1. Low phytoplankton productivity and low coccolithophore contribution during the Early Holocene (9-7 ka) Phytoplankton productivity was low in the ECS during the Early Holocene revealed by low biomarker contents in sediment cores B3-1A and F10C (Fig. 3) , caused by oligotrophic conditions associated with the sea level changes (Fig. 6A) . Sea level began to rise since the last deglacial as a result of warming and ice sheet melting (Xiang et al., 2007; Li et al., 2009; Shi et al., 2014 Shi et al., , 2016 . However, sea level was still about 17 m lower at 9 ka and gradually reached the present position at about 7 ka (Liu, 2001; Chough et al., 2004; Liu et al., 2004) . This shallower marine environment could constrain the geographical space and pathways for the intrusion of the KC to the ECS shelf during the Early Holocene (Li et al., 2000) , although the strength of the KC evidently reinforced, synchronous with a rapid sea level rise (Liu et al., 2004; Xiang et al., 2007) . Therefore, this scenario limited the nutrient supply from the KC to the ECS shelf (Li et al., 2009) , and consequently resulting in low phytoplankton productivity. Although the terrestrial organic matters to the ECS shelf were high due to the low sea level (Yuan et al., 2013) , these terrestrial matters were most likely sourced from the reworked and re-suspended sediments of the ECS shelf but not from the riverine supply, inferred from the grain size and rare earth elements study (Hu et al., 2014) . Thus, nutrient from the terrestrial sources might have minor influence on phytoplankton growth during this time interval. Similarly, the biomarker records in the adjacent Yellow Sea also indicated low phytoplankton productivity during the Early Holocene due to low nutrient supply ( Fig. 5 ; Wu et al., 2016b) .
Although both diatom and dinoflagellate productivities were low (Fig. 3) , their contributions during 9-7 ka were above the average values of the record (Table. S1 Table S1 ; Xing et al., 2012) . Notably, alkenone contents were below detection limit in core F10C during most of the Early Holocene (Fig. 3) . Although coccolithophores with smaller cells are more competitive and thus can usually outcompete diatoms in oligotrophic environments (Kinkel et al., 2000; Furuya et al., 2003; Baumann et al., 2005) , their growth could be limited by salinity as the ECS was characterized by shallow marine environment with low salinity during this time interval because the YSWC had not formed yet (Kim and Kucera, 2000; Liu et al., 2010b; Mei et al., 2016) . Similarly, the lower salinity stage during the Early Holocene has also been recognized in the adjacent southern Yellow Sea (Xiang et al., 2008) and in the middle Okinawa (Yu et al., 2009 ) based on benthic foraminiferal and stable isotope evidence. The formation of calcium carbonate shells of coccolithophores is closely related to the Fig. 4 . Variations of the biomarker ratios and SST of B3-1A, F10C and F11A. B/Sum refers to the ratio between brassicasterol content and total biomarker content, D/ Sum refers to the ratio between dinosterol content and total biomarker content, and A/Sum refers to the ratio between alkenone content and total biomarker content. SST records from cores B3-1A and F11A were modified from Yuan et al. (2018) .
concentration of HCO 3
-in the seawater, thus low salinity is unfavorable for the its growth (Wang and Cheng, 1988; Saruwatari et al., 2016) . These interpretations of the Early Holocene records are supported by biomarker data in surface sediments and suspended particles from the continental shelf region of the ECS, which also reported that coccolithophores rarely contributed to the phytoplankton productivity in the shallower water environments . Furthermore, the changes in the content of C 37 alkenones have been recently used to reflect the change in seawater salinity of the south Yellow Sea and to further track the formation and evolution of the YSWC on a long time scale (Mei et al., 2016) .
5.2.2.
Increased phytoplankton productivity and spatial variations of community structure during 7-1 ka During 7-1 ka, phytoplankton productivity gradually increased on the ECS shelf, inferred by increased individual and total biomarker contents in the three cores, except the high and fluctuating alkenone contents in the eastern core F11A (Fig. 3) . In the adjacent Yellow Sea, phytoplankton productivity was also enhanced since the Mid-Holocene, corresponding to increased nutrient supply (Kong et al., 2006; Zhao et al., 2013; Wu et al., 2016b) . However, different mechanisms were applied to interpret the temporal variability and spatial difference of phytoplankton productivity and community structure on the ECS shelf during this time interval.
At the onset of this interval of 7-4.6 ka, phytoplankton productivity and community structure were mainly influenced by the initial formation of circulation system in the ECS. There is a consensus that the YSWC was formed around 6-7 ka, a period of high sea level that was close to the modern sea level (Kim and Kucera, 2000; Liu et al., 2008 Liu et al., , 2010b . Sea level was 2-3 m higher than that of the present day during 7-6 ka, the KC reached its highest stage and the YSWC started to appear as a branch of the KC (Jian and Chang, 1999; Li et al., 2007 Li et al., , 2009 , bringing nutrients from the subsurface KC water to the ECS surface for phytoplankton growth. Finally, modern pattern of the YSWC was established at about 5.5 ka inferred by the SST and salinity records in the adjacent Yellow Sea (Nan et al., 2017) , triggering the formation of circulation system (YSWC and YSCC), consequently generating a cold eddy which upwelled nutrient to the eutrophic zone (Xiang et al., 2008; Yuan et al., 2018) . Therefore, the intrusion of the KC water to the ECS and the formation of the YSWC gradually strengthened from 7 to 4.6 ka Fig. 5 . Comparison of phytoplankton productivity (Sum, ZY3 data obtained from Wu et al., 2016b) , A/Sum and SST reconstructed in B3-1A, F10C and F11A, and KC index (Jian et al., 2000) , EAWM index (Yancheva et al., 2007) , ENSO index (Moy et al., 2002) , sea level (Liu, 2001; Chough et al., 2004; Liu et al., 2004) . Wang, et al. Global and Planetary Change 179 (2019) 80-91 ( Fig. 6B) . Phytoplankton community structure patterns were quite similar in core B3-1A and F10C during 7-4.6 ka, with increased contribution of coccolithophores (Fig. 4) , although the alkenones concentrations were still low (Fig. 3) . Salinity of the ECS increased significantly after the formation of the Holocene YSWC (Liu et al., 2004) . At the onset of the circulation system formation, intrusion of the saline and warm KC water could favor the coccolithophore growth (Kinkel et al., 2000; Furuya et al., 2003; Baumann et al., 2005) , although the circulation was still weak and the salinity was lower than modern (Xiang et al., 2008; Xing et al., 2012; Fig. 6b ). Relative contributions of diatoms and dinoflagellates were similar in western and middle cores (Fig. 4) , although the spatial productivity is different (Fig. 3) . This could be interpreted that both SSTs (23-25°C) and nutrients were suitable for diatom and dinoflagellates growth (Anderson, 2000; Wang et al., 2006; Chen, 2015; Xiao et al., 2017) , although coccolithophores were also not limited at this temperature range.
Enhanced EAWM was likely the main factor for the continuously increasing phytoplankton productivity during 4.6-1 ka as the influences of the KC were reduced. Strong EAWM since around 4 ka was consistent Fig. 6 . The schematic illustration of the variations of the phytoplankton productivity and community structure in the ECS during the Holocene. In the left-hand maps, black dots represent core sites as shown in Fig. 1 , red dotted circle represent for the expansion of cold eddy and the red solid circle represented for the cold eddy center. The black lines in (A) and (B) mean coastlines. In the right-hand maps, the circle size represents the relative contribution of phytoplankton productivity and the different colours represent the community structure. Red shade represents diatoms contribution, green shade represents dinoflagellates contribution and black shade represents coccolithophores contribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) with the newly defined 4.2 ka event (onset of Meghalayan; Walker et al., 2012) , marked by climate changes of cooling and aridity which caused cultural collapse in many places around world. This was also in agreement with decreased SSTs for several decades in our records (Fig. 4) . The weakening of the KC during 4.6-2.7 ka was indicated by an abrupt decrease of the KC-associated foraminifera P. obliquiloculata in the sediment cores on the pathway of the KC and its branches, caused by intensified EAWM (Fig. 6C) (Jian et al., 2000; Liu et al., 2013; Li et al., 2015) . On the other hand, intensified EAWM enhanced the influence of coastal water with rich nutrient to the ECS shelf (Jian et al., 2000; Li et al., 2009) . Contemporaneously, the circulation system was also further strengthened as intensified EAWM could drive the YSCC. Similarly, previous studies confirmed the stable and continuous influence of the YSWC during the Mid-Holocene in both the Yellow Sea and the ECS (Liu et al., 2010a (Liu et al., , 2010b Nan et al., 2017) . The steady circulation maintained the upwelling area, which supplied nutrient to the upper layer for phytoplankton growth. Notably, both individual and total phytoplankton productivities were higher in the eastern core F11A than those in the other two cores, especially the alkenone contents were significantly higher (Fig. 3) . This could be interpreted that core F11A was much closer to the pathway of YSWC, benefiting from the nutrient brought by upwelling from the subsurface of the KC (Chen, 1996) . Similarly, a modern study in the mud area of the ECS found that C 37 alkenone concentrations in suspended materials were high in the east and very low in the west of the study area, with an obvious chlorophylla boundary along about 126°E (close to the middle core position of this study) (Ko et al., 2018) . In addition, high salinity of YSWC water favored coccolithophore growth in core F11A (Xing et al., 2011; Mei et al., 2016) , thus resulting in very high alkenone contents (Fig. 3) . Spatial variation of individual phytoplankton productivity among the three cores indicated that coccolithophore growth is more sensitive to salinity changes than diatom and dinoflagellates (Xing et al., 2011) .
Phytoplankton community structure in core B3-1A and F10C during 4.6-1 ka was similar with that during the previous stage 7-4.6 ka (Fig. 4) . In contrast, coccolithophore contribution was significantly higher in F11A than those in western and middle cores during 4.6-1 ka ( Fig. 4; Table S1 ), in agreement with a previous study from the Yellow Sea that the phytoplankton community structure had been characterized with increased coccolithophore contributions since the Mid-Holocene in response to the influence of YSWC (Xing et al., 2012) . This spatial variation of community structure can be interpreted as more influence of high-temperature and saline YSWC on core site F11A than B3-1A and F10C as described above. The alkenone contents as well as the coccolithophore contributions in F11A during 4.6-1 ka were distinctly higher than those in the other two cores although there were some low contents intervals (Figs. 3 and 4) . 5.2.3. High phytoplankton productivity and community structure change between diatom and dinoflagellate (1-0 ka) After 1 ka, phytoplankton productivity reached the highest level indicated by sharply elevated individual and total biomarker contents (Fig. 3) . As discussed Section 5.1 above, the rapid increasing trend of biomarker contents near the core-top might be created by the diagenesis process, but we propose that productivity increases were the main cause, by considering both biomarker content and temperature records. Biomarker records in the adjacent Yellow Sea also revealed a significant increase in phytoplankton productivity during the Late Holocene, which was linked to the enhanced YSWC . During this time interval, the KC was further enhanced, associated with decreased frequency of El Nino-South Oscillation (ENSO) events during the shift to La Nina mode (Fig. 5; Zheng et al., 2016) . Low frequency of ENSO events could lead to the bifurcation of the North Equatorial Current occurring at a lower latitude and then resulting in a stronger KC (Hu et al., 2015 and references therein) . Therefore, the YSWC was strengthened as a branch of the KC, in agreement with records in the ECS and Yellow Sea (Li et al., 2009 ). Consequently, the cold eddy was strengthened in the ECS during the past 1 ka (Yuan et al., 2018) , in agreement with modern observation that the ECS cold eddy was strengthened when the YSWC was strong (Chen et al., 2004; Hao et al., 2017) , which could drive the upwelling nutrient to favor phytoplankton productivity and cool the SST (Figs. 4 and 6D) . The elevated productivity in anticyclonic eddies has also been reported due to eddyEkman pumping in recent studies (He et al., 2016 (He et al., , 2017 . Coincidently, the SST records in all three cores showed decreasing trend in response to the strengthened cold eddy ( Fig. 5 ; Yuan et al., 2018) . At core site F11A closer to the cold-eddy center, influence of the cold eddy might compensate the benefit to coccolithophores induced by the intensified YSWC, resulting in comparable alkenone contents during the Late Holocene to those during the previous stage (Fig. 4) . In addition, the increased phytoplankton productivity during this interval was also possibly linked to the gradually increasing anthropogenic influences. Previous studies indicated that human activities in the upper and middle Changjiang have effectively increased the Changjiang sediment load from about 240 to about 480 Mt./yr after 1 ka (Hori et al., 2001; Wang et al., 2011) .
Phytoplankton community structure change represented by biomarker ratios was generally similar in cores B3-1A and F10C during 1-0 ka (Fig. 4) . The relative contribution of coccolithophores decreased in all three cores, however, it was still higher in core F11A than that in cores B3-1A and F10C (Fig. 5 ) because core site F11A was closer to the YSWC, which resulted in higher coccolithophore productivity and higher contribution to total phytoplankton productivity as discussed in section 5.2 above. After 1 ka, the community structure changed significantly characterized by the sharp decrease of B/D values (Fig. 4) , indicating decreased diatom contribution and increased dinoflagellate contribution. One possible reason for this change is the eutrophication with increased N/P and N/Si from human activity, resulting in higher dinoflagellate contribution to total productivity (Paerl, 2006; Zhou et al., 2008; Zhao et al., 2012) . Similarly, decreased B/D values were also observed at modern Changjiang estuary influenced by the anthropogenic nutrient input (Duan et al., 2014；Xing et al., 2016 . However, our records are of low resolution, and hence higher resolution records are needed in future studies to further evaluate the influences of anthropogenic activities on both productivities and community structure on decadal and centennial timescales.
Implication for future study
In recent decades, marine phytoplankton blooms have attracted major interest of the entire community and the study of phytoplankton boom has been supported by many International Projects (e.g. GEOHAB, HARRNESS, IMBER and Future Earth). Anthropogenic activities certainly have contributed to the rapid increases in phytoplankton blooms (Moncheva et al., 2001; Zhou et al., 2008; Liu et al., 2010a Liu et al., , 2010b , however, natural forcing by climatic and oceanic changes on marine ecology was also imporant. Based on our biomarker records, phytoplankton productivity continuously increased in the ECS during the Holocene (Fig. 3) , mostly in response to natural forcing, including global sea level change, strength of the KC and EAWM (as discussed in Sections 5.1 and 5.2). Rapid increases in phytoplankton productivity during the past few centuries could be partially attributed to anthropogenic nutrient input with increased N/P and N/Si, which induced more dinoflagellates blooms over diatoms (Fig. 4; Paerl, 2006; Zhou et al., 2008; Zhao et al., 2012) .
Community structure changes, even the increased dinogflagellates contrtibution, might be also linked to natural changes. For example, dinoflagellate contribution was the highest at core site F10C during 9-7 ka, inferred by high D/Sum and low B/D values (Fig. 4) . These values were obtained from zero values of coccolithophore contribution and generally very low contents of both brassicasterol and dinosterol (Fig. 3) , thus a minor difference in biomarker contents could lead to a large disparity between their ratios. High dinoflagellates proportion during 9-7 ka was far different from the dinoflagellate blooms induced by the increased nutrient input with increased N/P and N/Si during the last centuries (Duan et al., 2014；Xing et al., 2016 . Therefore, natural variability of phytoplankton productivity and community structure in the past could provide insights for understanding the rapid changes in marine ecology in recent decades. In addition, the various strengths of air forcing EAWM has strong influence on ocean forcing KC. For example, intensified EAWM could reduce the strength of the KC during low P. obliquiloculata event of 4.6-2.7 ka (Fig. 5) , while dive the circulation system (YSWC and YSCC) and upwelling in ECS.
Conclusions
Based on the contents and ratios of phytoplankton biomarkers of brassicasterol, dinosterol and alkenone, the records of phytoplankton productivity and community structure during the Holocene have been reconstructed in the ECS. Our results from three cores provided high spatiotemporal resolution evidence for air-sea interactive forcing on the variations of marine ecology in the study area. A comparison with the Holocene records of the KC strength, EAWM variability and ENSO frequency is presented to discuss the controlling mechanism of variations of phytoplankton productivity and community structure. The main conclusions are:
1. During 9-7 ka, phytoplankton productivity in this shallow marine environment was generally low caused by the oligotrophic condition mainly owing to the limitation of KC intrusion in the low sea-level scenario, thus the lack of nutrient input. Relative diatom and dinoflagellate contributions were high due to the low salinity condition inhibiting coccolithophore growth, because the YSWC had not been formed yet. 2. During 7-4.6 ka, phytoplankton productivity generally increased, in response to the formation of circulation system caused by the KC intrusion and the upwelling of nutrients to the upper layer. Relative contributions of diatoms and dinoflagellates were similar in western and middle cores, because the SSTs and nutrients were suitable for both diatoms and dinoflagellates growth. Coccolithophore contributions increased, owing to the intrusion of the saline KC water at the onset of the circulation system formation, although the salinity was still lower than modern value. 3. During 4.6-1 ka, phytoplankton productivity continuously increased, influenced by enhanced circulation system driven by the EAWM, although the KC was weakened related to a cooling event.
Significantly high alkenone contents in the eastern core F11A were associated with its location closer to the warm and saline YSWC, which was more suitable for coccolithophore growth. Consequently, the relative contribution of coccolithophores in core F11A was higher than those in the western and middle cores. 4. During the last 1 ka, phytoplankton biomarker contents sharply elevated, partly a result of the diagenetic effects at the upper layers of sediment cores. However, increased phytoplankton productivity has been proposed that is consistent with more upwelling caused by the intensified circulation system/cold eddy driven by the enhanced KC related to decreased ENSO activities. In addition, anthropogenic activities also caused high nutrient input, resulting in high primary productivity and changes in community structure with high dinoflagellate in all three cores.
